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The coordinated migration and fusion of epithelial sheets is a crucial morphogenetic tool used on numerous occasions during the normal
development of an embryo and re-activated as part of the wound healing response. Drosophila dorsal closure, whereby a hole in the
embryonic epithelium is zipped closed late in embryogenesis, serves as an excellent, genetically tractable model for epithelial migration.
Using live confocal imaging, we have dissected multiple roles for the small GTPase Rac in this process. We show that constitutive activation
of Rac1 leads to excessive assembly of lamellipodia and precocious halting of epithelial sweeping, possibly through premature activation of
contact-inhibition machinery. Conversely, blocking Rac activity, either by loss-of-function mutations or expression of dominant negative
Rac1, disables the assembly of both actin cable and protrusions by epithelial cells. Movies of mutant embryos show that continued
contraction of the amnioserosa is sufficient to draw the epithelial edges towards one another, allowing the zipper machinery to bypass non-
functioning regions of leading edge. In addition to illustrating the key role of Rac in organization of leading edge actin, loss-of-function
mutants also provide substantive proof that Rac acts upstream in the Jun N-terminal kinase (JNK) cascade to direct epithelial cell shape
changes during dorsal closure.
D 2005 Elsevier Inc. All rights reserved.
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One of the consequences of the early morphogenetic
movements that shape a Drosophila embryo is a gaping
epithelial hole left behind on the dorsal surface after
retraction of the germband. As one of the final morphoge-
netic episodes of Drosophila embryogenesis, dorsal closure
acts to seal this hole in the epithelium. During the course of
about 2 h, dorsal closure is driven by contributions from
several tissues operating in concert. The extraembryonic
amnioserosa, which initially lines the dorsal hole, contracts
upon the underlying yolk cell to draw the two epithelial0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: paul.martin@bristol.ac.uk (P. Martin).edges towards one another. The lateral epithelium, in turn,
advances forward over this contracting amnioserosa until the
leading edges are sufficiently close at anterior and posterior
ends for zippering of the two epithelial sheets together to
form a neat midline seam (Harden, 2002; Jacinto et al.,
2002b; Narasimha and Brown, 2004; Reed et al., 2004). The
precise force contributions from each of these tissue move-
ments to the dorsal closure process are not entirely clear but
are currently being unraveled by a combination of laser and
genetic ablation studies (Hutson et al., 2003; Kiehart et al.,
2000). In recent years, a considerable amount of information
has been gathered regarding the genetics of dorsal closure.
JNK signaling appears to play a key role, since mutations in
any component of the JNK signaling cascade severely
disrupt the dorsal closure process (Glise et al., 1995;
Riesgo-Escovar and Hafen, 1997; Sluss et al., 1996;
Stronach and Perrimon, 2002).282 (2005) 163–173
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dorsal closure and undergoes a number of tightly regulated
reorganizations during the process. Initially, actin and
associated myosin motors accumulate in the epithelial
leading edge to form a contractile cable around the
circumference of the hole. The cable draws the opposing
surfaces of epithelium together and also keeps the leading
edges taut and organized (Bloor and Kiehart, 2002; Jacinto
et al., 2002a; Young et al., 1993). As the actomyosin cable
assembles, the leading edge cells begin to extend filopodia
and lamellae. These actin protrusions play a pivotal role in
the final stages of dorsal closure as they operate to knit the
epithelial edges together from anterior and posterior canthi
that progressively zip towards one another to close the hole
(Hutson et al., 2003; Jacinto et al., 2000). Filopodia also
appear to play a role in the correct matching of cells in the
opposing epithelial edges, maintaining segmental alignment
at the midline seam (Jacinto et al., 2000).
The Rho family of small GTPases has been shown to
govern specific remodeling of the actin cytoskeleton in
tissue-cultured fibroblasts (Nobes and Hall, 1995; Ridley
and Hall, 1992; Ridley et al., 1992). Previous studies of
dorsal closure have shown that the functions of Rho and
Cdc42 in this process mirror, to a large extent, the findings
of classic cell culture experiments. Rho is required for actin
cable assembly (Bloor and Kiehart, 2002; Harden et al.,
1999; Jacinto et al., 2002a), and Cdc42 for the formation of
filopodia (Jacinto et al., 2000). Tissue culture data indicate
that a key function of the Rho GTPase, Rac, is to regulate
the formation of membrane ruffles and lamellipodia (Ridley
et al., 1992). Drosophila have three Rac-like genes, Rac1,
Rac2, and Mtl. Their function in dorsal closure has been
explored in part by expression of Rac1N17, a dominant
negative form of Rac1. Expression of Rac1N17 has been
found to cause a perturbation of the leading edge
cytoskeleton and a failure to complete dorsal closure
(Harden et al., 1995, 1999). Loss-of-function studies in
embryos lacking all three Rac genes produce similar
phenotypes in which dorsal closure fails (Hakeda-Suzuki
et al., 2002). Crucially, all studies to date have used fixed
samples in which fragile actin protrusions can be lost, and
compensatory tissue movements hidden. In order to assess
the dynamic functions of Rac in dorsal closure, we have
turned to live imaging where we reveal how Rac is required
for both assembly of all major actin structures and also for
Jun N-terminal kinase (JNK) signaling.Materials and methods
Fly stocks
TheDrosophila lines used in this study are:UAS-Rac1N17,
UAS-Rac1V12 (Luo et al., 1994); Rac1J10Rac2DmtlD and
Rac1J11Rac2DmtlD (Hakeda-Suzuki et al., 2002); e22c-
GAL4 (Brand and Perrimon, 1993); UAS-GFP-actin, UAS-a-catenin-GFP (Oda and Tsukita, 1999; Verkhusha et al.,
1999); en-GAL4-UAS-GFP-actin (recombinant produced
with stocks from Bloomington Stock Center and H.Oda);
UAS-hepCA (Adachi-Yamada et al., 1999).
Rac1J10Rac2DmtlD germ line clones were generated
using hsFLP with an ovoD1 insertion on the FRT80B
chromosome (Hakeda-Suzuki et al., 2002). Heterozygous
2nd and 3rd instar larvae were heat-shocked at 378C for 2 h
on consecutive days and the appropriate adult females were
then crossed to Rac1J10Rac2DmtlD males. For live imaging,
Rac1J10Rac2DmtlD and Rac1J11Rac2DmtlD stocks were
generated that carried UAS-GFP-actin, UAS-a-catenin-
GFP, or e22c-GAL4 on the second chromosome. These
were then crossed to produce zygotic triple Rac mutant
embryos expressing GFP-actin or a-catenin-GFP.
For live imaging, mutants were selected by their dorsal
closure phenotype which was clear under the confocal
microscope and always observed in the appropriate Mende-
lian proportions, including when the Rac stocks were
outcrossed. For in situ hybridization, mutant embryos were
selected using a GFP balancer (TM3, twi-GAL4, UAS-
EGFP; from Bloomington Stock Center) prior to fixation.
Rac1J10Rac2DmtlD stocks carrying UAS-GFP-actin were
also employed to generate Rac1J10Rac2DmtlD germ line
clone embryos for live imaging using the scheme described
above. Cuticle preparations of these embryos confirmed a
similar range of phenotypes to those described previously
(Hakeda-Suzuki et al. , 2002), and as a result
Rac1J10Rac2DmtlD germ line clone embryos to be used
for imaging were selected by phenotype.
For rescue of the zygotic Rac1J11Rac2DmtlD phenotype,
UAS-hepCA (Adachi-Yamada et al., 1999) on the second
chromosome was crossed into a background of
Rac1J11Rac2DmtlD. Expression of UAS-hepCA with the
epithelial driver, e22c-GAL4, produced severe early embry-
onic lethality (data not shown) that masked the
Rac1J11Rac2DmtlD phenotype, so rescue experiments were
carried out using leaky expression of UAS-hepCA in the
absence of a driver. Embryonic lethality was counted for
Rac1J11Rac2DmtlD stocks in the presence or absence of
UAS-hepCA, and cuticle preparations of these dead embryos
were assessed to determine dorsal closure phenotype (puck-
ered or wild type fused seam).
Live imaging
Embryos expressing GFP-actin or GFP-a-catenin were
dechorionated in bleach for 2 min, rinsed in dH2O and then
mounted in Voltalef oil under a coverslip for live imaging
using a Leica TCS SP confocal system. Images compiled
from four or six confocal optical sections (each averaged
two times) were collected every minute. The time-lapse
series were assembled and analyzed using Image J
software.
For quantification of actin protrusion formation in wild
type, Rac1V12, and Rac1N17 expressing embryos, data were
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genotype (n = 8, 6, and 8 respectively). The maximum
actin protrusion area formed by a single engrailed stripe
was measured at 10-min time points. To ensure that the
same stages of dorsal closure were compared, embryo
collections were carefully timed so that embryos had
developed for 17 to 19 h at 188C prior to imaging.
Furthermore, the wild type and Rac1N17 embryos were
more precisely matched by counting the number of
engrailed stripes which were closed at the start of the
movie. Mean protrusion areas for each time point were
calculated and plotted on scatter graphs using Excel
software. As a control, the widths of engrailed segments
in wild type and mutant embryos were measured (data not
shown) and found not to vary significantly.
To compare amnioserosal contraction in wild type and
Rac1J11Rac2DmtlD embryos, single amnioserosa cells (n =
10 for each embryo) from positions all across each
amnioserosa were followed through dorsal closure using
expression of GFP-a-catenin. Embryos were matched by
dorsal hole length at the start of the movies. The area of
each cell was measured at 10-min intervals until the cell was
extruded from the amnioserosal layer or disappeared under
the advancing leading edge. These data were then accumu-
lated (by aligning the final, pre-extrusion, measurements)
and the mean cell area for each time point was calculated for
wild type and mutant and plotted on a scatter graph using
Excel.
Fixed tissue analysis
For overall impression of morphological progression, we
viewed embryos by scanning electron microscopy after
fixation, dehydration, and coating of embryos with gold, as
described previously (Jacinto et al., 2002a). To allow
phenotypic assessment of larger numbers, embryonic cuticle
preparations were carried out as described previously
(Wieschaus and Nqsslein-Volhard, 1986).
For immunohistochemical studies, embryos were pre-
pared and incubated with primary antibodies as previously
described (Parkhurst et al., 1990), using Alexa 488 or 594-
conjugated fluorescent secondary antibodies to reveal
protein localization (Molecular Probes); antisera used were
anti-Fas III (Developmental Hybridoma Bank), anti-phos-
photyrosine (Upstate Biotechnology Inc.), anti-Dfos (from
D. Bohmann). Immunohistochemical whole-mount in situ
hybridization was carried out using standard methods
(Lehmann and Tautz, 1994) with digoxigenin-substituted
RNA probes generated by transcription of the dpp cDNA.
To quantify Dfos staining, embryos were co-stained with
the DNA marker, 4V-6-diamidino-2-phenylindole (DAPI), to
mark nuclei and anti-phosphotyrosine to outline cells. A
Zeiss LSM 510 META NLO confocal was used to take Z-
series (with 1 Am intervals) of the triple-stained embryos.
Projected stacks were then analyzed using Image J software
as follows: individual cells of the leading edge in wild typeand mutant embryos (n = 10 for each) were selected and
within each cell, mean pixel intensity along a fixed line was
measured at 20 pixel intervals down the cell (from leading
edge surface to ventral edge) in the DAPI and Dfos
channels. Data from each channel were collated (cell
measurements were aligned from the ventral edge) and
mean pixel intensities were calculated for each position
along the dorso-ventral length of the cells. We then
normalized the pixel intensity values and cell length
measurements to allow for clearer comparison between
wild type and mutant.Results
Expression of constitutively active Rac1 by leading edge
epithelial cells causes assembly of excessively large
lamellipodia and precocious halting of epithelial advance
We began our dynamic studies of Rac function in
dorsal closure by expressing a constitutively active form of
Rac1 (UAS-Rac1V12) in the embryonic epithelium. When
Rac1V12 is expressed throughout the epithelium, embryos
die prior to dorsal closure. To circumvent this, we
expressed Rac1V12 in segmental stripes of the epithelium
using the engrailed driver, which allows the embryo to
survive through to dorsal closure due to the presence of
non-expressing wild type epithelial cells, as well as
providing neighboring wild type control cells for direct
comparison. To visualize actin remodeling in real time, we
co-expressed GFP-actin along with Rac1V12. We find that
expression of Rac1V12 leads to a vast overproduction of
actin protrusions by leading edge cells (Figs. 1A and E and
Supplementary Movies 1 and 2 in Appendix A). Quanti-
fication of protrusive area in wild type versus Rac1V12
embryos illustrates the extent to which protrusion is
increased by expression of the constitutively active form
of Rac1 (Fig. 1M). We find that Rac1V12 expressing cells
show a 4-fold increase in the area of protrusions formed
along the leading edge. The leading edge is also highly
disorganized with no clear actin cable in these cells. A
further consequence of expression of Rac1V12 is that the
mutant cells appear to have a migrational advantage over
their wild type neighbors and move past them at the leading
edge. As a result of this, the Rac1V12 cells in adjacent
engrailed stripes fuse with one another (Fig. 1E) so that
later in dorsal closure, virtually the entire leading edge is
composed of Rac1V12 cells (Fig. 1F). At this point, dorsal
closure stalls and the embryo fails to close its epithelium
further (Fig. 1G).
Rac1V12-expressing cells show premature localization of
Fas III to their leading edge surface
Previous studies have shown a similar migrational
advantage when epithelial stripes expressing dominant
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but in the case of Rho, the transgene-expressing cells
continued to advance and close the hole (Jacinto et al.,
2002a). An explanation for the inability to advance once
constituently active Rac1 cells have taken over the
leading edge may be that these cells read some form of
inhibitory cue when they contact their adjacent neighbors,
a cue which they would normally only be exposed to on
reaching the opposing epithelial edge. Upon breadingQ this
cue, the Rac1V12 cells respond by slowing their migration,
resulting in the bunching we see along the leading edge
(Fig. 1F). In wild type embryos, Fasciclin III (Fas III), acomponent of septate junctions, is excluded from the
dorsalmost side of the epithelial leading edge cells (Fig.
1DV) until the opposing surfaces touch and fuse, at which
point Fas III accumulates along this edge (Fig. 1DV).
However, in Rac1V12-expressing cells, we find that Fas III
is prematurely localized to the dorsal side of the leading
edge cells before the opposing epithelial surfaces have
made contact (Fig. 1HV). This premature dorsal accumu-
lation of Fas III indicates that Rac1V12-expressing cells
may have already adopted the state of cells that have
completed migration. We therefore speculate that a
contributing factor in the precocious halting of epithelial
movement observed in these embryos is that, once the
Rac1V12 cells have advanced to take over the leading
edge, the embryo is left with a majority of cells along the
edge which incorrectly bsenseQ that they have met their
contralateral neighbors and are thus bcontact-inhibitedQ
from further migration.Fig. 1. Expression of mutant Rac1 impacts actin cable and actin protrusion
assembly. Comparison of dorsal closure in wild type embryos (A, B, C, D,
and DV) and embryos in which constitutively active (E, F, G, H, and HV) or
dominant negative Rac1 (I, J, K, and L) is expressed in engrailed cell
stripes. Panels (A), (E), and (I) are high-magnification stills from confocal
movies of dorsal closure stage embryos expressing GFP-actin in engrailed
segmental stripes. In the wild type situation (A), filopodia and occasional
lamellae can be seen extending from the leading edge cells. In embryos in
which UAS-Rac1V12 (constitutively active Rac1) is co-expressed with GFP-
actin (E), the leading edge cells produce larger lamellipodia (arrows) and
bypass wild type neighbors to interact with cells in adjacent engrailed
stripes (asterisk), Co-expression of UAS-Rac1N17 (dominant negative
Rac1) in engrailed cells (I) inhibits assembly of actin protrusions and
cable (arrow). Panels (B), (F), and (J) are low-magnification confocal stills
of GFP-actin embryos at the end of dorsal closure. Wild type embryos (B)
display segmental alignment along the fused midline seam, as also shown
by scanning electron microscopy (SEM) in panel (C). Expression of
Rac1V12 in engrailed stripes leads to premature termination of dorsal
closure (F), leaving a large hole in the dorsal epithelium as revealed by
SEM in panel (G). Embryos expressing of UAS-Rac1N17 in engrailed
stripes largely close the hole but do not correctly match their segments at
the midline (J). In addition, Rac1N17-expressing cells fail to fuse properly
leaving small holes at the midline as revealed both by higher magnification
confocal microscopy (K, arrows) and SEM (L, arrows). (D, DV, H, and HV)
Dorsal closure stage embryos stained with anti-Fasciclin III antibodies (red
in panels D and H, single channel in panels DV and HV) and also expressing
GFP-actin (green in panels D and H). Boxed zones on embryo schematics
indicate the regions magnified in panels (D) and (H). In wild type leading
edge cells, Fas III is localized cortically but excluded from the dorsalmost
side (DV, bracketed region), until the epithelial surfaces meet at the midline
(DV, arrow). In contrast, Rac1V12-expressing leading edge cells (co-
expressing GFP-actin) prematurely localize Fas III to their dorsal edge
(HV, bracketed region) while some wild type cells (identified by absence of
GFP-actin in panel H) in these embryos maintain the correct localization
(HV, arrow). (M) Quantification of actin protrusions formed in wild type
(blue diamonds) compared to Rac1V12 (red squares) and Rac1N17 (green
circles) expressing embryos. The mean protrusion area for each time point
is displayed here, with error bars representing standard error. Wild type
embryos were closed by 160 min and no longer making protrusions, but as
Rac1N17 expressing embryos did not close until 240 min, later time points
are displayed for these embryo. Scale bars in panels (A), (D), (E), (H), (I),
(K), and (L) represent 10 Am and scale bars in panels (B), (C), (F), (G), and
(J) represent 100 Am.
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protrusion and cable assembly, leading to failure of
epithelial fusion and segmental mismatch
We next investigated the consequence of expressing
dominant negative Rac1 (UAS-Rac1N17) in the epithelium,
again using the engrailed driver. We find that Rac1N17
inhibits actin protrusion assembly, with expressing cells
producing only the most cursory projections (Figs. 1I and
M). Actin cable assembly is also reduced in some Rac1N17
cells (Fig. 1I). These embryos are able to complete dorsal
closure due to the contribution of the wild type cells but
Rac1N17-expressing cells fail to fuse correctly at the
midline, leaving small gaps in the epithelial seam, a
phenotype seen in 89% (n = 75) of Rac1N17-expressing
embryos (Figs. 1J, K, and L). A further consequence of
Rac1N17 expression is that these embryos show segmental
mismatching along the midline, 69% (n = 75) of the
embryos we assessed displayed segmental mismatch, with
the majority of these (81%) showing mismatch of more than
one pair of segments (Fig. 1J). In both these regards, our
dominant negative Rac1 data are reminiscent of previous
studies in which Cdc42 activity was blocked by expression
of dominant negative Cdc42 (Jacinto et al., 2000), suggest-
ing that Cdc42 and Rac1 exhibit overlapping, yet non-
redundant, functions in dorsal closure.
Loss of maternal and zygotic Rac leads to failures in germ
band retraction, head involution, and early dorsal closure
An alternative explanation for the similarities between
expression of dominant negative Cdc42 and Rac1 is that
these transgenes are somewhat non-specific in their
actions. Recent identification of triple Rac mutants allows
us to address this possibility by directly testing Rac
function during dorsal closure in embryos lacking func-
tional copies of all three Drosophila Rac genes (Hakeda-
Suzuki et al., 2002; Ng et al., 2002). In the triple Rac
mutant, the Rac2 and Mtl genes are excised while Rac1
carries one of two point mutations: a hypomorphic allele
called J10 or a complete loss-of-function allele, J11. As
previously reported (Hakeda-Suzuki et al., 2002), we find
that germ line clones of the Rac1J11Rac2DmtlD triple
mutant (hereafter referred to as RacJ11) fail to produce
embryos. The hypomorphic triple Rac mutant, Rac1J10-
Rac2DmtlD (hereafter referred to as RacJ10) does produce
germ line clone embryos but the majority of these (89% by
cuticle preparation analysis, n = 54) fail in head involution
and/or germband retraction, as well as dorsal closure (Fig.
2B). The RacJ10 germ line clone embryos with the least
severe phenotypes that exhibit only dorsal holes (11%, n =
54) all fail at the very earliest stages of closure (Fig. 2D).
To assess the actin cytoskeleton dynamically in these
mutants, we expressed GFP-actin throughout their epithe-
lium using the e22c-GAL4 driver. We find that these
embryos have very little actin accumulation, with little orno cable at the epithelial edge (Fig. 2D, compare to Fig.
2C). Furthermore, time-lapse analysis of the leading edge
of RacJ10 germ line clone embryos shows virtually no
protrusive activity (Fig. 2DV).
Zygotic triple Rac mutants close but show puckering along
the dorsal midline
As the triple Rac mutant germ line clones fail at the very
start of dorsal closure or earlier in embryogenesis, we chose
to study in detail the phenotypes seen in zygotic triple Rac
mutants. With the maternal contribution of Rac proteins
intact in these embryos, they survive beyond early dorsal
closure allowing us to assess the function of Rac in the later
zippering stages. RacJ11 homozygotes show 100% embry-
onic lethality and although cuticles of these embryos do not
have dorsal holes, 82% (n = 112) display puckering along
the dorsal side indicating that dorsal closure in these
mutants succeeds in sealing the hole but does so in an
abnormal fashion (Fig. 3A).
In wild type embryos, the epithelial hole at dorsal closure
takes on an oval, eye-like shape early in the process that
progressively decreases in size as the epithelial fronts zipper
together (Figs. 2A and 4A). In contrast, scanning electron
micrographs (SEM) of triple Rac mutant embryos show that
these embryos have an unusual, long slit-like hole during
the later stages of dorsal closure (Fig. 3B). An explanation
for why triple Rac mutants exhibit a long, thin hole during
dorsal closure may be that the amnioserosa continues
contracting but that epithelial zippering is impaired. To test
this hypothesis, we expressed UAS-a-catenin-GFP in triple
Rac mutants using the e22c-Gal4 epithelial driver. a-
Catenin is a component of adherens junctions and this
GFP-fusion outlines all cells in the epithelium and
amnioserosa when driven by e22c-Gal4. Live imaging
indicates that amnioserosa cells in the RacJ11 mutants are
able to contract in a similar manner to wild type (Figs. 3E
and F, Supplementary Movies 4 and 5 in Appendix A). To
investigate this further, we assessed amnioserosa cell
contraction in mutants compared to wild type by measuring
the reduction in cell area during dorsal closure. We found
that at the time we began our measurements (when wild type
and mutant holes were around 180 Am in length), the mutant
cells were significantly larger than wild type (Fig. 3G),
suggesting a delay in early amnioserosal contraction.
However, as dorsal closure proceeds, these cells are able
to contract and do so at a similar rate to wild type (Fig. 3G).
Ultimately, all cells measured in both the wild type and
RacJ11 amnioserosa contracted to 0 Am2 and were either
extruded from the center of the amnioserosal sheet
(approximately half of cells followed in both wild type
and RacJ11 mutant) or disappeared under the advancing
epithelial edge.
These data suggest that the three Rac proteins may not be
essential for contraction of amnioserosa cells during the
later stages of dorsal closure, although loss of Rac does
Fig. 2. Triple RacJ10 mutant germ line clone embryos show failure in germband retraction, head involution and dorsal closure. Panels (A) and (B) are SEMs of
a wild type dorsal closure stage embryo (A) and an equivalent stage Rac1J10Rac2DmtlD germ line clone embryo (B) which shows a failure to complete germ
band retraction and head involution; 89% of Rac1J10Rac2DmtlD germ line clone embryos fail in one, or both, of these developmental stages. Panels (C) and
(D) are confocal images of live dorsal closure stage embryos expressing UAS-GFP-actin driven by the epithelial driver e22c-Gal4, with wild type embryo (C)
revealing both actin cable and protrusions along the leading edge (boxed region at higher magnification in panel CV), while the Rac1J10Rac2DmtlD germ line
clone embryo (D and DV), shows an absence of actin cable and protrusions at the leading edge. Scale bars in panels (A), (B), (C), and (D) represent 100 Am and
scale bars in panels (CV) and (DV) represent 10 Am.
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previously reported experiments in which dominant nega-
tive Rac1 expressed in the amnioserosa leads to failure of
dorsal closure (Harden et al., 2002). This disparity may in
part be due to maternal levels of Rac in the triple Rac
mutant being maintained longer or required at lower levels
in the cells of the amnioserosa compared to the epithelium,
or alternatively may indicate that the Rac1 dominant
negative transgene has non-specific affects in the amnioser-
osa that may block contraction.
The leading edge of the zygotic Rac mutant exhibits discrete
regions lacking actin cable and protrusions but closure
occurs through the formation of new zipping canthi
In order to dynamically investigate epithelial zippering
and the organization of the actin cytoskeleton in the triple
Rac mutant, we expressed UAS-actin-GFP throughout the
epithelium using the e22c-Gal4 driver. At low magnifica-
tion, the long, thin hole identified using SEM can be clearly
seen in these embryos also (Fig. 3C). Live imaging at high
magnification reveals a number of abnormalities in the
organization of the actin cytoskeleton in leading edge cells
of triple Rac mutants. The actin cable is incomplete in
discrete regions along the leading edge of RacJ11 mutants
and the edge is highly disorganized and no longer taut (Fig.
3D). The leading edge of the hypomorphic, RacJ10 mutant
appears less disordered but also shows areas where cable is
absent. Live imaging of both triple Rac mutants reveals that
regions lacking cable also consistently fail to assembleprotrusions and, where this happens, the zipper halts.
However, the mutants do manage to close their epithelial
hole by skipping the actin-deficient regions and forming
new zipper fronts beyond these bprotrusionlessQ stretches
(Figs. 4A and B and Supplementary Movie 6 in Appendix
A). That these embryos are able to complete dorsal closure,
despite stretches of leading edge that cannot assemble
protrusions or cable, reflects how the remaining forces of
dorsal closure are able to compensate for an assault on the
zipper machinery. This compensation and the formation of
new zippering fronts in triple Rac mutants is a genetic
mirror of recent laser ablation studies during dorsal closure
whereby the zippering canthi were persistently destroyed
and yet dorsal closure proceeded because of continued
amnioserosal contraction and the formation of new zipper
fronts beyond the ablation zones (Hutson et al., 2003).
Triple Rac mutants provide evidence that Rac regulates
early cell shape changes and acts upstream in the JNK
cascade
Cells along the leading edge usually display a character-
istic dorso-ventrally elongated, rectangular shape in wild
type embryos (Fig. 5B). However, we find that many
leading edge cells in triple Rac mutants are polygonal in
shape (Fig. 5C). This is also seen in mutants of members of
the JNK pathway, a MAPK cascade activated at the start of
dorsal closure which is essential for the closure process. A
major action of the JNK pathway appears to be to maintain
dorso-ventral elongation of the epithelial cells (Glise et al.,
Fig. 3. The zygotic triple Rac mutant has severely disrupted actin machineries at the epithelial leading edge but the amnioserosa still contracts. (A) Cuticle
preparation of Rac1J11Rac2DmtlD homozygote (lateral view) showing puckering along the dorsal midline (arrows), indicating aberrant dorsal closure,
compared to wild type cuticle (AV). (B) SEM and (C) still from a GFP-actin (expressed by epithelial driver, e22c-Gal4) movie of dorsal closure stage
Rac1J11Rac2DmtlD embryos, both illustrating the long, slit-shaped dorsal hole found in these mutants. At higher magnification (D), the leading edge of the
Rac1J11Rac2DmtlD mutants is clearly disorganized with some cells of the leading edge assembling actin cable and actin protrusions (arrow), while in other
stretches (asterisk) these structures are absent. (E and F) Stills from time-lapse confocal movies (Supplementary Movies 4 and 5 in Appendix A) of wild type
and Rac1J11Rac2DmtlD mutant embryos, respectively, expressing UAS-a-catenin-GFP (driven by e22c-Gal4) in the epithelium and amnioserosa. 60 min later,
for both wild type and mutant embryos, there is evidence of amnioserosal contraction (individual cells are highlighted in red and blue). (G) Quantification of
amnioserosal cell contraction in wild type (blue diamonds) compared to Rac1J11Rac2DmtlD mutant (red squares) show that amnioserosa cells in the mutant are
larger early in dorsal closure but are ultimately able to contract, at a similar rate to wild type. Data were collected from the movies shown in panels (E) and (F),
10 cells from each embryo were followed and measured at 10-min time points until extruded or covered by the leading edge. Mean areas for each time point are
displayed here, with error bars representing standard error. Scale bars in panels (A), (B), and (C) represent 100 Am and scale bars in panels (D), (E), and (F)
represent 20 Am.
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1997; Sluss et al., 1996; Stronach and Perrimon, 2002).
Previous work using dominant negative and constitutively
active Rac1 transgenes has suggested that Rac proteins may
act upstream in the JNK cascade during dorsal closure
(Glise et al., 1995; Hou et al., 1997) (Fig. 5A), but we cannow test whether this is the case in the loss-of-function
mutant.
To obtain a readout of JNK pathway activity in the triple
Rac mutants, we analyzed the expression of decapentaple-
gic (dpp) and the localization of Dfos protein in RacJ11
mutants. We find that leading edge expression of dpp is
Fig. 4. Zygotic triple Rac mutant closes through continued amnioserosal contraction and the formation of new zipper fronts. (A and B) A series of stills taken
from time-lapse confocal movies of wild type (A), and Rac1J10Rac2DmtlD mutant embryos (B) expressing UAS-GFP-actin in the epithelium (driven by e22c-
Gal4). The mutant embryo displays a slit-shaped hole compared to the eye-shaped wild type hole, and the mutant has stretches of the leading edge that
consistently fail to assemble both actin cable and protrusions (arrows). The dorsal hole in the Rac1J10Rac2DmtlD embryo eventually closes by skipping of the
actin deficient stretches and formation of new zippering fronts (B, asterisk) beyond the areas that lack actin protrusions. Scale bars in panels (A) and (B)
represent 20 Am.
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wild type (Figs. 5D and E). Intriguingly, loss of dpp
expression along the leading edge of RacJ11 mutants shows
a reiterated pattern similar to the on–off loss of actin cable
and protrusion that we also see in these mutants (Fig. 5EV).
Analysis of Dfos antibody staining shows that in wild type
leading edge cells during dorsal closure, Dfos is found
primarily in the nucleus, where its staining pattern coloc-
alizes with the DNA marker DAPI (Figs. 5F and H). In
contrast, Dfos protein in RacJ11 mutants fails to translocate
to the nucleus in leading edge cells, resulting in a more
diffuse localization pattern (Fig. 5G), which no longer aligns
with DAPI staining (Fig. 5I).
Moreover, we find that expression of a constitutively
active form of JNKK, hemipterous (UAS-hepCA), can
partially rescue the RacJ11 phenotype. Expression of UAS-
hepCA in the epithelium using e22c-Gal4 led to early (pre-
dorsal closure) lethality making this unfeasible for a rescue
experiment. However, we find that leaky expression of
UAS-hepCA without a Gal4 driver is sufficient to give a
significant (P b 0.05) rescue of RacJ11 homozygote
lethality; such that while a heterozygote RacJ11 stock gives
the expected Mendelian lethality of 26.7% (n = 487),
crossing in one copy of UAS-hepCA reduces lethality to
20.8% (n = 375). Furthermore, when the cuticles of dead
embryos produced by these crosses are assessed, we see a
clear shift from the RacJ11 dorsal puckering phenotype
(shown in Fig. 3A) to cuticles with a wild type, unwrinkleddorsal surface when hepCA is present. 82% of cuticles from
a balanced heterozygote RacJ11 stock have a mutant
phenotype, while just 18% appear to have a wild type
dorsal seam (n = 92); addition of UAS-hepCA increases the
proportion of the wild type phenotype to 32% (n = 76).
Together, these results indicate that the Rac proteins do
indeed act upstream in the JNK cascade during dorsal
closure, providing a further explanation for the complexity
of phenotype that we see in the triple Rac mutants.Discussion
In this study, we show that the three Drosophila Rac
small GTPases play multiple roles during the epithelial
migration and fusion events of dorsal closure. Our work
with constitutively active and dominant negative Rac1
transgenes reveals a crucial role for Rac in both the
production of filopodia and lamellipodia by leading edge
cells and in the assembly of actin cable by these cells. Loss-
of-function studies show that the three Rac genes are
essential to proceed through dorsal closure since embryos
lacking both maternal and zygotic contributions of Rac
proteins fail early in dorsal closure or in the preceding
developmental stages.
In those embryos lacking only zygotic copies of the three
Racs, we see a more subtle phenotype with perturbations of
the leading edge actin cytoskeleton and also a failure in the
S. Woolner et al. / Developmental Biology 282 (2005) 163–173 171normal dorso-ventral elongation of these cells. It would
therefore appear that Rac plays a crucial role in dorsal
closure, functioning both to direct changes in cell shape and
to organize the actin cytoskeleton of the leading edge. Rac
may fulfil these functions by acting on a number of
downstream targets. Our data show that Rac acts upstream
in the JNK pathway and this may, in part, regulate cell shape
changes. It now appears that Rac is the only member of the
Rho GTPase family that can fulfil this function as similar
studies with Rho1 and Cdc42 loss-of-function mutants have
shown no effect on JNK signaling during dorsal closure,
despite these embryos having disrupted leading edge actin
structures (Genova et al., 2000; Magie et al., 1999). Otherdownstream targets of Rac may include Pkn, a member of
the PKN family of PKC-related kinases known to influence
both cell morphology and actin organization in dorsal
closure (Lu and Settleman, 1999), and also members of the
Wiskott–Aldrich protein (WASP) family which provide a
direct link to the actin cytoskeleton (reviewed in Takenawa
and Miki, 2001).
An intriguing observation seen with live analysis of the
zygotic triple Rac mutants is the inconsistent organization of
actin along the leading edge, with some leading edge cells
assembling actin cable and protrusions while neighboring
regions do not. One possible explanation for this on–off
pattern of actin assemblies is that the maternally contributed
Rac proteins are retained to varying degrees or required at
different threshold levels along the leading edge, an idea
that is, perhaps, endorsed by the reiterated loss of dpp
expression which we see in the zygotic triple Rac mutant. In
previous studies where dominant negative Rho1, Rac1, or
Cdc42 were expressed under the control of a heat-shock
promoter, a similar on–off effect on levels of leading edge
actin and myosin was reported, with cells at segment
boundaries showing reduced levels while other stretches of
the leading edge appeared normal (Harden et al., 1999). Our
data support the view that small GTPase activity may vary
in intensity along the leading edge and that these variations
are reflected in assembly of dynamic actomyosin machi-
neries along the edge.
The phenotypes we observe after expression of dominant
negative Rac1 in engrailed segmental stripes are veryFig. 5. Rac acts upstream in the JNK pathway during dorsal closure. (A)
Diagram of JNK cascade within an individual leading edge cell showing the
putative upstream location for Rac in this pathway. Panels (B) and (C) are
high-magnification confocal images of GFP-actin in the leading edge
(driven by e22c-Gal4). Leading edge cells in wild type embryos (B) are
dorso-ventrally elongated (e.g., cells highlighted in blue), whereas many
cells along the leading edge of the Rac1J11Rac2DmtlD mutants (C) are
polygonal in shape (e.g., cells highlighted in red). (D and E) Whole-mount
in situ hybridization to dpp. In wild type embryos (D), and at higher
magnification in panel (DV), dpp is expressed along the epithelial leading
edge, (arrows) as a consequence of JNK pathway activation, whereas in
Rac1J11Rac2DmtlD mutants (E and EV), this expression is significantly
reduced in a reiterated pattern along the leading edge (arrows). (F and G)
High-magnification lateral views of dorsal closure stage embryos (the
position of the leading edge, as determined by co-staining with anti-
phosphotyrosine, is marked with a red dotted line) stained with anti-Dfos
antisera. In wild type leading edge epithelium (F), Dfos is localized to the
nucleus (examples of nuclear staining are highlighted in red); whereas,
equivalent staining in the Rac1J11Rac2DmtlD mutant embryo (G) is
markedly more diffuse and extends closer to the leading edge of front
row cells, away from the nucleus, (red arrows indicate distance from
leading edge to Dfos staining in wild type and mutant). (H and I)
Quantification of Dfos (red triangles) and DAPI (blue squares) staining in
wild type (H) and Rac1J11Rac2DmtlD (I) epithelial leading edge cells. In
wild type cells, the intensity of Dfos staining follows closely that of DAPI,
while in RacJ11 mutant cells, Dfos staining does not align well with DAPI,
i.e., is no longer largely localized to the nucleus. To allow for easy
comparison between wild type and mutant data, all measurements were
normalized on a scale of 0 to 100, error bars represent standard error. Scale
bars represent 10 Am in panels (B), (C), (F), and (G); 100 Am in panels (D)
and (E); and 20 Am in panels (DV) and (EV).
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(Jacinto et al., 2000). In both cases, the transgene-express-
ing cells do not assemble actin protrusions at the leading
edge during dorsal closure, and as a result, these cells fail to
fuse at the midline. Furthermore, in both cases, there is clear
mismatching of opposing segments along the midline seam,
suggesting that the actin protrusions play at least two crucial
roles during dorsal closure—a sensing function enabling the
cells to find their correct segmental partner on the opposing
epithelial edge, and a zippering role in which interdigitation
of the protrusions aids fusion of the two sheets. Further-
more, our findings with constitutively active Rac1, where
expressing cells produce overly large lamellipodia and
precociously halt after premature localization of Fas III to
the leading edge surface, suggest a third function for the
actin protrusions—to breadQ contact inhibition cues so that
leading edge cells can sense when they have reached the
opposing edge. The identity of the receptors that enable
these sensory functions of filopodia remains unknown, and
it is certainly possible that all three roles may be performed
by the same or similar molecules; likely candidates for such
players include members of the Cadherin super-family of
cell–cell adhesion molecules, and axon guidance molecules
such as the EphR/ephrins and plexin/slit families.
Strikingly, even with the perturbations to cell shape and
actin machinery found in the leading edge epithelial cells of
zygotic triple Rac embryos, we still see a continued drawing
closed of the hole through lateral amnioserosal contraction.
Our data highlight how the multiple forces driving dorsal
closure can compensate when one of the contributing tissues
is disabled; they provide a genetic equivalent of previously
reported laser ablation studies, in which dorsal closure
completes, despite persistent laser destruction of the primary
epithelial zipper fronts, through continued amnioserosal
contraction and the assembly of secondary zipper fronts
(Hutson et al., 2003).
In summary, our data illustrate dynamically the central
role played by Racs in epithelial migration during Droso-
phila dorsal closure. These small GTPases are clearly
pivotal in the assembly of actin protrusions and cable and
also in driving leading edge cell shape changes through the
JNK pathway, all of which contribute to epithelial migration
and fusion at the midline. Besides documenting the precise
cellular effects of modulating Rac activity in the embryonic
epithelium, our studies also highlight the robustness of
morphogenetic episodes such as dorsal closure where drastic
alterations in actin assemblies that disable the standard
epithelial migration machinery can be almost entirely
compensated for by other contributing tissue contractions.Acknowledgments
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